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SUMMARY 
An inves t iga t ion  was conducted t o  determine t h e  combustion perform- 
ance c h a r a c t e r i s t i c s  of gaseous hydrogen f u e l  i n  a s i n g l e  tubular  t u rbo je t  
combustor. The combustor w a s  operated over a range of inlet-air pressures  
from 3.3 t o  14.3 inches of mercury absolute. Reference v e l o c i t i e s  as high 
as 174 f e e t  per second were invest igated t o  pressures as low as 8.0 inches 
of mercury absolute;  reference ve loc i t i e s  at lower pressures  were l i m i t e d  
t o  lower values by t h e  t es t  f a c i l i t y .  Limited comparison tes ts  were con- 
ducted with gaseous propane f u e l .  
Hydrogen f u e l  burned over very broad ranges of temperature r i s e  a t  
a l l  pressure conditions invest igated.  No combustion i n s t a b i l i t y  or flame 
blow-out w a s  observed. Combustion e f f i c i enc ie s  i n  excess of 90 percent 
were maintained t o  pressures  as low as 8.0 inches of mercury absolute  
with v e l o c i t i e s  as high as 174 f e e t  per second. A t  pressures  below 8.0 
inches of mercury absolute,  marked decreases i n  e f f i c i ency  were observed. 
Propane operated over only a very l imi t ed  range of temperature rise; 
combustion e f f i c i e n c i e s  were lower than those  obtained with hydrogen and 
were adversely a f f ec t ed  by increases i n  reference ve loc i ty  and decreases 
i n  i n l e t - a i r  pressure.  
t r i b u t e d  t o  i t s  higher flame speed and wider flammabili ty range. The 
f a c t  t h a t  100-percent combustion.efficiency w a s  not obtained over a broad 
range of operat ing conditions i s  a t t r i b u t e d  t o  inadequate mixing of t h e  
f u e l  and a i r  i n  t h e  primary zone of the combustor used f o r  t h e  t e s t s .  
The superior  performance of t h e  hydrogen is  a t -  
INTRODUCTION 
A research program i s  being conducted a t  the NACA Lewis laboratory 
t o  improve combustion eff ic iency and combustion s t a b i l i t y  l i m i t s  of tur- 
bo je t  combustors. The use of a spec ia l  f u e l  t o  provide improved perform- 
ante at  very low operating pressures is described i n  t h i s  r epor t .  
. 
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The l i m i t s  and e f f ic iency  of combustion i n  t h e  t u r b o j e t  a r e  s e r i -  
ously reduced a t  low operating pressures  encountered i n  low-speed, high- 
a l t i t u d e  f l i g h t .  Current combustors i n  engines with pressure r a t i o s  of 
5 can be operated a t  subsonic f l i g h t  condi t ions t o  a l t i t u d e s  of about 
45,000 f e e t  while maintaining e f f i c i enc ie s  over 90 percent ( r e f .  1). 
Experimental combustors have been developed (ref. 2 )  t h a t  maintain t h i s  
same l eve l  of performance t o  a l t i t u d e s  of 70,000 feet .  The pressures  
encountered i n  subsonic f l i g h t  a t  70,000 f e e t  a r e  of t h e  order of 4 t o  5 
pounds per square inch absolute  f o r  a compressor pressure r a t i o  of 5. 
Some appl icat ions f o r  combustors may r equ i r e  operat ion a t  pressures  wel l  
below t h i s  range. 
speed a i r c r a f t  might requi re  combustion a t  pressures  as low as 1 t o  3 
pounds per square inch absolute; very low pressures  would a l s o  be encoun- 
t e r e d  i n  a combustor supplied with a i r  from a ducted fan,  o r  i n  an 
a f te rburner .  
For example, a very h igh-a l t i tude  (100,000 f t )  low- 
A promising a l t e r n a t i v e  t o  f u r t h e r  design improvements f o r  a t t a i n i n g  
t h e  required performance is  t h e  use of a spec ia l ,  h ighly r e a c t i v e  f u e l .  
Depending upon airframe requirements, l o g i s t i c s ,  and o ther  f ac to r s ,  t h i s  
spec ia l  f u e l  may c o n s t i t u t e  (1) the  main f u e l  supply t o  t h e  engine, ( 2 )  a 
p i l o t  f u e l  t o  a i d  combustion of t he  main fue l ,  or (3) an a l t e r n a t e  f u e l  
supply for use o n l y  during operat ion a t  the  very severe conditions.  
To evaluate  the  performance c h a r a c t e r i s t i c s  of one poss ib le  " spec ia l  
fue l , "  low-pressure combustion t e s t s  were conducted with a tubular  turbo- 
j e t  combustor supplied with gaseous hydrogen f u e l .  
ducted a t  pressures  from about 3 t o  14 inches of mercury absolu te ,  and 
reference air  v e l o c i t i e s  from 70 t o  170  f e e t  per second. The r e s u l t s  a r e  
analyzed t o  ind ica te  the  low-pressure combustion performance charac te r i s -  
t i c s  obtained with hydrogen, and t h e  e f f e c t  of fue l - in j ec to r  s i z e  and 
design on t h e  performance of t h i s  f u e l .  The da ta  a r e  compared w i t h  l i m -  
i t e d  data obtained with a gaseous hydrocarbon fue l ,  propane, a t  some of 
t he  conditions inves t iga ted .  
The tests were con- 
APPARATUS 
Combustor I n s t a l l a t i o n  and Instrumentation 
The i n s t a l l a t i o n  of t h e  s ing le  533 combustor i s  shown schematically 
i n  f igu re  1. A i r  having a dewpoint of e i t h e r  -20° or  -70° F w a s  supplied 
t o  t h e  combustor from t h e  laboratory supply system; t h e  hot exhaust gases 
from t h e  combustor were cooled and fed t o  t h e  laboratory exhaust system. 
The a i r  flow t o  the  combustor w a s  measured with a square-edged o r i f i c e  
p l a t e  ins ta l led  according t o  A.S.M.E. spec i f i ca t ions  and located upstream 
of t he  flow-regulating valves.  The combustor-inlet a i r  temperature was 
regulated by means of e l e c t r i c  hea te rs .  
sl 
M 
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A diagrammatic cross sec t ion  of the combustor i n s t a l l a t i o n  showing 
the  pos i t i on  of instrumentation planes and the  loca t ion  of temperature- 
and pressure-measuring instruments i n  these planes is presented i n  f i g -  
ure  2.  Thermocouples and to ta l -pressure  tubes were loca ted  at  centers  
of equal a reas .  Construction d e t a i l s  of t h e  instrumentation probes are 
shown i n  f i g u r e  3. 
ind ica ted  on automatic balancing potentiometers. The inlet and o u t l e t  
t o t a l -p re s su re  da t a  were obtained w i t h  manometers connected t o  1 2  mani- 
folded probes a t  s t a t i o n s  A-A and D-D ( f ig .  2 ) .  
The combustor-inlet and -ou t l e t  temperatures were 
Fuel Supply System 
A schematic diagram of t h e  system used t o  supply gaseous f u e l  t o  t h e  
s i n g l e  combustor i s  presented i n  f igu re  4. Hydrogen w a s  s to red  i n  38 
cyl inders ,  manifolded together,  at a pressure of 2600 pounds per square 
inch. 
pheric  condi t ions)  of hydrogen. 
of t h e  cyl inders  through a reducing valve, f i l t e r ,  rotameter, t h r o t t l e  
valve, check valve, and i n t o  t h e  combustor. A relief valve and a pressure 
switch, vented t o  t h e  atmosphere, were i n s t a l l e d  t o  p ro tec t  t h e  system 
aga ins t  excessive pressures .  Analysis ind ica ted  the  hydrogen t o  be a t  
l e a s t  99 mole percent pure. Gaseous propane f u e l  w a s  suppl ied from ap- 
proximately 800-cubic-f oot cyl inders  (at  standard atmospheric conditions ) 
at  120  pounds per square inch through the  same system t h a t  w a s  used f o r  
t h e  hydrogen. The p u r i t y  of t he  propane w a s  estimated by t h e  suppl ie r  t o  
be a t  least  96 mole percent.  
Each cyl inder  contained about 2780 cubic f e e t  (at s tandard atmos- 
The hydrogen w a s  drawn from one or more 
Fuel-flow r a t e s  t o  t h e  combustor were measured by rotameters.  The 
rotameters were ca l ib ra t ed  with a i r  at temperature and pressure  condi- 
t i o n s  t h a t  provided f l u i d  dens i t i e s  approximately t h e  same as those of 
t h e  t e s t  f u e l s  a t  t h e  t e s t  conditions.  Appropriate dens i ty  cor rec t ions  
were then appl ied t o  t h e  rotameter measurements. 
Fuel In jec tors  
A number of f u e l  i n j ec to r s  were used i n  t h i s  i nves t iga t ion  t o  obta in  
a v a r i a t i o n  i n  in j ec t ion  cha rac t e r i s t i c s .  Construction d e t a i l s  of t hese  
i n j e c t o r s  a r e  shown i n  f i g u r e  5. In jec tors  A, B, and C were commercial 
hollow-cone swirl-type nozzles modified by removing t h e  s w i r l  p a r t s  and 
adding s i x  equally spaced holes posit ioned 45O from t h e  ax i s  of t h e  noz- 
z l e .  
s w i r l  pa r t s ,  enlarging the  c e n t r a l  o r i f i ce ,  and facing t h e  t i p  of t he  
i n j e c t o r  t o  form a sharp-edged o r i f i ce .  
modified " a x i a l  tube" in j ec to r  used f o r  gaseous f u e l  i n j e c t i o n  i n  t h e  in-  
v e s t i g a t i o n  reported i n  reference 3. 
t h e  f u e l  a t  a more gradual r a t e  t o  avoid over-rich f u e l - a i r  mixtures i n  
In j ec to r  D w a s  a similar commercial nozzle modified by removing t h e  
In j ec to r  E w a s  similar t o  t h e  
In j ec to r  E w a s  designed t o  introduce 
4 
Inlet-air A i r -  
t o t a l  flow 
0 .  0.. . e.. . 0 .  0 .  . . . 0.. .. 
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Reference ve loc i ty ,  a 
f t / s e c  
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pressure,  r a t e ,  
in .  Hg abs I lb/sec 
t h e  upstream primary-combustion zone. The o r i f i c e s  i n  i n j e c t o r  E were 
arranged t o  provide an a x i a l  d i s t r i b u t i o n  of fue l -o r i f i ce  a rea  approxi- 
mate ly ' the  same as t h e  a x i a l  d i s t r i b u t i o n  of a i r - en t ry  a rea  contained i n  
t h e  perforat ions i n  the  w a l l s  of t h e  combustor l i n e r .  
Inlet-air  temperature, 
.. 
O F  
The f low-rate  - pressure-drop c h a r a c t e r i s t i c s  of t hese  f u e l  in jec-  
t o r s  a re  presented i n  f igu re  6. In j ec to r s  B, D, and E have similar 
pressure-drop cha rac t e r i s t i c s .  
8.0 
PROCEDURE 
0.56 100 133 
. 7 3  13 2 174 
The combustion performance of gaseous hydrogen f u e l  was'determined 
a t  t h e  following combustor operating conditions: 
6.2 
3.3 
J 
0.50 115 153 
0.15 65 83 
~ 
14.3 0.80 
1.00 
1.30 
80 
100 
131 
105 
132 
1 7 3  
"Based on combustor maximum cross-sect ional  
a rea  of 0.267 s q  f t .  
The reference v e l o c i t i e s  a r e  average values;  some v a r i a t i o n  i n  a i r - f low 
r a t e  was t o l e r a t e d  a t  t he  lower pressure conditions because of l i m i t a -  
t i o n s  i n  t h e  flow cont ro l  system used. For t he  a i r  v e l o c i t i e s  and com- 
bustor  temperature-rise conditions of i n t e r e s t ,  a pressure of 3.3 inches 
of mercury absolute  w a s  t h e  minimum pressure t h a t  could be maintained 
i n  t h e  f a c i l i t y .  
A t  each of these  combustor-inlet conditions,  hydrogen performance 
da ta  were recorded over a wide range of f u e l - a i r  r a t i o s ;  t h i s  range w a s  
l imi t ed  by (1) fuel-f low metering equipment, ( 2 )  f u e l  supply, or (3 )  ex- 
cessive combustor-outlet temperatures. Several  minutes were alloweci 
. 
. 
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A i r  - 
flow 
5 
Reference veloci ty ,  
f t / s ec  
f o r  combustion t o  s t a b i l i z e  a t  each condition before  t h e  performance data 
were recorded. 
operat  ion.  
* The spark plug used f o r  i g n i t i o n  w a s  de-energized during 
r a t e ,  
lb/s e c 
For comparison purposes, combustion tes ts  were conducted with gase- 
ous propane f u e l  a t  the  following i n l e t - a i r  conditions:  
’ 
I n l e t  - air  temperature, 
O F  
I n l e t  - air  
t o t a l  
pressure,  
in .  Hg abs 
0.80 
1.00 
1.30 
0.56 
. 75  
14.3 80 105 
-- 132  
-- 173 
-- 133 
-- 178 
8.0  
CaLCULATIONS 
Combustion e f f ic iency  was calculated as 
Actual enthalpy r i se  acros8 combustor per l b  of a i r  
(Fuel -a i r  ra t io) (Heat ing  value of f u e l )  
For t e s t  da t a  obtained with hydrogen, t h e  enthalpies  a t  t h e  combustor 
i n l e t  and o u t l e t  were determined from the  cha r t s  presented i n  f i g u r e  7 .  
These cha r t s  were constructed from data of reference 4, assuming t h e  
following r eac t ion  t o  occur: 
02 + 3.78N2 + excess air +H20 + 1.89N2 + excess air H2 + 2 
The enthalpy of the  inlet  hydrogen-air mixture was based on the  a i r  t e m -  
pera ture  a t  s t a t i o n  B-8  ( f ig .  2 ) ;  the  enthalpy of t h e  exhaust gases, on 
t h e  a r i t hme t i ca l  average ind ica t ion  of t h e  1 6  chromel-alumel thermocouples 
a t  s t a t i o n  C-C ( f i g .  2 ) .  
f o r  va r i a t ions  i n  composition due t o  i n e f f i c i e n t  combustion; that is, only 
water, ni t rogen,  and oxygen were assumed t o  be present  i n  t h e  exhaust gases.  
A hea t ing  value f o r  pure hydrogen of 51,571 Btu per pound (l i terature value)  
was used. 
The enthalpy o f t h e  exhaust gas  was not  corrected 
Combustion e f f i c i e n c i e s  obtained with propane were calculated by the  
method described i n  reference 5, using the  6ame i n l e t  and o u t l e t  
6 
............... . 0.. 0 .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ........................ 
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temperature measuring s t a t ions .  
19,930 Btu per  pound ( l i t e r a t u r e  value)  w a s  used. 
impurit ies present  i n  t h i s  f u e l  would not a f f e c t  i t s  heating value, s ince  
t h e  i m p u r i t i e s  have heating values c lose  t o  t h a t  of propane. 
A heat ing value f o r  t h e  propane f u e l  of 
The s m a l l  amount of 
RESULTS 
The combustion performance da ta  obtained with hydrogen f u e l  i n  t h e  
s ing le  533 combustor a r e  presented i n  t a b l e  I. 
c i e s  are  p l o t t e d  as a funct ion of temperature r i s e  i n  f i g u r e  8. The 
check d a t a  shown i n  t h i s  f i gu re  ( t a i l e d  symbols) i nd ica t e  a m a x i m u m  
deviat ion of almost 10 percent i n  combustion eff ic iency,  t h e  l a r g e r  de- 
v ia t ions  occurring a t  t h e  lower operating pressures .  This ind ica ted  
reproducib i l i ty  of da ta  i s  poorer than t h a t  normally expected i n  tu rbo je t  
combustion tests. The f a c t o r s  t h a t  are bel ieved t o  have contr ibuted t o  
t h e  poor r ep roduc ib i l i t y  include: (1) rotameters have been observed f r e -  
quently t o  given incons is ten t  gaseous f l u i d  f low measurements, ( 2 )  l imi t ed  
hydrogen supply required more r ap id  recording of t h e  data, with l e s s  time 
being allowed f o r  combustion t o  reach equilibrium conditions,  and (3) 
small var ia t ions  i n  i n l e t  pressures and temperatures occurred during da ta  
recording operat ions.  
l a r g e  e r rors  a t  t h e  very low flow r a t e s  requi red  f o r  low-pressure, low- 
temperature-rise operation. Two rotameters were used t o  obta in  the  da ta  
i n  d i f f e ren t  ranges of fuel-flow rate, and these  rotameters d id  not, i n  
a l l  cases, provide equivalent r e s u l t s .  I n l e t - a i r  conditions were par- 
t i c u l a r l y  subjec t  t o  va r i a t ions  a t  the  very low pressure,  where the  
maximum capacity of t he  exhaust system w a s  being u t i l i z e d .  
The combustion e f f i c i en -  
Fuel-flow measurements were subject  t o  p a r t i c u l a r l y  
The performance da ta  presented i n  f i g u r e  8 show t h a t ,  i n  p r a c t i c a l l y  
Combustion e f f i c i enc ie s  near 100 percent were a t t a i n e d  a t  t h e  
a l l  cases, combustion e f f ic iency  decreased with an increase i n  tempera- 
t u r e  r i s e .  
highest  pressure condition, 14.3 inches of mercury absolute  ( f i g s .  8(a)  
t o  ( f ) ) .  
pressure was reduced below 6 .2  inches of mercury absolute.  Considering 
t h e  reproducib i l i ty  of t he  data ,  t he  va r i a t ions  i n  nozzle design inves- 
t i g a t e d  had very l i t t l e  e f f e c t  on combustion e f f ic iency .  
cases s ingle  curves a r e  used t o  represent  t he  data obtained with two d i f -  
f e r e n t  nozzles. The most s ign i f i can t  e f f e c t s  of f u e l - i n j e c t i o n  charac- 
t e r i s t i c s  .were observed a t  very low temperature-r ise  conditions.  
Large decreases i n  e f f ic iency  occurred only when t h e  i n l e t  
I n  a number of 
The da ta  obtained w i t n  propane f u e l  a r e  presented i n  t a b l e  11; the  
va r i a t ion  i n  combustion e f f ic iency  with temperature r i s e ,  f o r  each of t he  
operating conditions invest igated,  i s  shown i n  f i g u r e  9 .  Combustion e f -  
f i c i ency  general ly  decreased both a t  low and a t  high values of tempera- 
t u r e  r i s e .  
observed a t  most of t h e  operating conditions inves t iga ted .  Ef f ic ienc ies  
near 100 percent were a t t a i n e d  only at high-pressure, low-velocity con- 
d i t ions ;  they decreased rap id ly  with a decrease i n  pressure and with an 
increase i n  reference ve loc i ty .  
Maximum values of temperature r i s e  and flame blow-out were 
. 
-# 
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M 
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Included i n  f i g u r e  9 f o r  comparison are f a i r e d  curves represent ing 
t h e  performance of hydrogen under s i m i l a r  operating condi t ions.  
DISCUSSION 
S t a b i l i t y  L i m i t s  
7 
The d a t a  t h a t  have been presented show t h a t  gaseous hydrogen w i l l  
burn i n  an e s s e n t i a l l y  unmodified turboje t  combustor t o  pressures  as low 
as 3 . 3  inches of mercury with ve loc i t i e s  a t  that pressure of t h e  order 
of 65 t o  80 f e e t  per second. Limitations i n  t h e  t e s t  f a c i l i t y  prevented 
operat ion of t he  combustor a t  more severe conditions.  From t h e  observed 
s t a b i l i t y  of combustion, however, it i s  considered probable t h a t  sat is-  
f ac to ry  operat ion could have been maintained a t  even more severe condi- 
t i ons .  
combustion w a s  maintained t o  ve loc i t i e s  of 153 f e e t  per second a t  6.2 
inches of mercury absolute,  and 174 f e e t  per second a t  8.0 inches of 
mercury absolute .  Combustion could a l so  be maintained over a very broad 
range of f u e l - a i r  r a t i o  (or  temperature r ise) .  Fuel-air  r a t i o s  as low 
as 0.0002 were invest igated,  with no flame blow-out being observed. The 
highest  f u e l - a i r  r a t i o s  inves t iga ted  were always l imi t ed  by f a c i l i t i e s  
or by instrumentation and never by flame blow-out. 
A t  h igher  pressures ,  where larger flow capac i t i e s  were ava i l ab le ,  
The poor s t a b i l i t y  cha rac t e r i s t i c s  observed with gaseous propane a t  
-I 
high f u e l - a i r  r a t i o s  ( f ig .  9 )  are t o  be expected, s ince  t h i s  combustor 
w a s  designed f o r  a l i q u i d  f u e l  requir ing a f i n i t e  length  of t h e  combustor 
f o r  complete evaporation. The subs t i t u t ion  of a gaseous f u e l  g r e a t l y  
increased l o c a l  f u e l - a i r  r a t i o s  i n  the upstream end of t h e  combustor, 
where a r e l a t i v e l y  s m a l l  amount of air i s  introduced, causing overenrich- 
ment and flame blow-out. The broader s t a b i l i t y  l i m i t s  obtained with 
hydrogen ( f i g .  9 )  may be a t t r i b u t e d ,  a t  least i n  pa r t ,  t o  i t s  wider 
flammabili ty range. The lean-to-r ich flammabili ty range f o r  propane i s  
2.1 t o  9.4 percent by volume; corresponding values f o r  hydrogen a r e  4.0 
t o  74.2 percent (ref. 6, pp. 749, 751). 
Combustion Eff ic iency 
Combustion e f f i c i e n c i e s  of 90 percent and higher were obtained with 
hydrogen f u e l  a t  pressures  as low as 8.0 inches of mercury absolute .  The 
highest  e f f i c i e n c i e s  were observed at l o w  values of temperature r i s e .  
This t r e n d  ind ica t e s  t h a t  t h e  primary combustion zone w a s  operating over- 
r i c h .  More optimum conditions f o r  combustion were obtained a t  low over- 
a l l  f u e l - a i r  r a t i o s .  
c 
Combustion e f f i c i e n c i e s  of less than 100 percent were obtained a t  
p r a c t i c a l l y  a l l  conditions of operation. Losses i n  e f f i c i ency  i n  
8 
0 0  0 0 0  a.0 0 a 0  0 0  0 0 0.0 0 0  
a .  0 0  0 0  0 0 . 0  0 . 0  0 0 .  
e .  0 . 0  0 . 0  0 0 0 .  0 0 0 0 . .  
0 .  0 .  0 . 0  0 0 .0  0 0 0 .  
0 0  0 0 .  0 0 0 a. a. 0 0 . 0  a. 0.0  0 0  
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turbojet  combustors have been a t t r i b u t e d  t o  (1) i n s u f f i c i e n t  residence 
time for  evaporation, mixing, and combustion of t h e  f u e l  and a i r ,  ( 2 )  
quenching ef fec ts  of t h e  r e l a t i v e l y  cool combustor w a l l s ,  and (3) i m -  
pingement of l i q u i d  f u e l  on the w a l l s  ( re f .  7 ) .  Bydrogen f u e l  has an 
extremely high flame speed (about 6 times t h a t  of propane, ref. 6, pp. 
460, 468) and requires no vaporization. Also, of course, l i q u i d  f u e l  
impingement on t h e  w a l l s  has been eliminated. Losses i n  e f f i c i e n c i e s  
are ,  therefore,  most probably a t t r i b u t a b l e  t o  e f f e c t s  of w a l l  quenching 
and insuf f ic ien t  mixing of t h e  f u e l  and t h e  a i r .  Previous research 
(ref. 8 )  has indicated a r e l a t i o n  between combustion e f f ic iency  and com- 
bustor s ize ,  as expressed by t h e  hydraulic radius  of t h e  combustor l i n e r  M 
dc 
4 
CD 
at t h e  plane where t h e  undisturbed f u e l  spray would impinge upon t h e  w a l l .  
This r e l a t i o n  w a s  a t t r i b u t e d  t o  some of t h e  f a c t o r s  noted previously - 
f u e l  impingement, w a l l  quenching, and f u e l - a i r  mixing pa t te rns .  For t h e  
combustor and t h e  operating conditions used i n  t h e  present t e s t s ,  e f f i -  
ciencies of l e s s  than 100 percent would be predicted.  
From t h e  preceding discussion, it would be expected t h a t  var ia t ions  
i n  in jec tor  design might a f f e c t  combustion e f f ic iency  by af fec t ing  t h e  
r a t e  of mixing of t h e  f u e l  and a i r .  Observed e f f e c t s  of var ia t ions  i n  
in jec tor  design on performance of hydrogen were r e l a t i v e l y  minor, and 
occurred pr inc ipa l ly  a t  very low values of temperature r i s e .  It must be 
concluded t h a t  the  in jec tors  invest igated d i d  not g r e a t l y  a l t e r  mixing 
charac te r i s t ics .  Major changes i n  t h e  air - introduct ion system might 
produce more pronounced e f f e c t s  on performance. 
m 
Relatively s m a l l  var ia t ions  i n  i n j e c t o r  design produced very s i g n i f i -  
The nozzle cant e f fec ts  on t h e  combustion e f f ic iency  of propane ( f i g .  9 ) .  
having the smaller o r i f i c e s  and hence t h e  higher pressure d i f f e r e n t i a l  
gave higher e f f i c i e n c i e s .  I n  t h i s  case t h e  var ia t ions  i n  mixing charac- 
t e r i s t i c s  were s u f f i c i e n t  t o  cause marked changes i n  combustion perform- 
ance of t h i s  l e s s  reac t ive  f u e l .  
Considerably higher e f f i c i e n c i e s  were obtained with hydrogen than 
with propane ( f i g .  9 ) .  
search ( re f .  5 )  indicat ing t h a t  higher combustion e f f i c i e n c i e s  may be 
obtained with f u e l s  having higher f l a m e  speeds. 
t h e  performance of hydrogen w a s  much less af fec ted  by l a r g e  increases i n  
reference veloci ty  than w a s  t h a t  of propane. This i s  of importance when 
considering f u t u r e  development engines u t i l i z i n g  higher flow per un i t  
area.  
This result would be expected from previous re-  
Figure 9 a l s o  shows t h a t  
The e f fec ts  of i n l e t - a i r  pressure pi, temperature Ti, and reference 
ve loc i ty  V r ,  expressed by the  cor re la t ing  parameter 
t h e  combustion e f f ic ienc ies  of hydrogen and propane are shown i n  f i g u r e  
10. 
( f ig .  lO(a) )  and 1180° F (f ig .  10(b)) ,  which correspond t o  c ru ise  and 
Vr-PiTi ( r e f .  2 )  on 
Data are shown f o r  values of combustor temperature r i s e  of 680° F - 
cn 
P 
rp 
. 
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rated-speed requirement!,': r ~ p s & i ~ e l y , ' . o f ' B  &$eSChta-tfmfe:tpbo je t  
engine (ref. 9 ) .  Hydrogen $gtg 0 .  ob8air;ed 0.0  0 0 with 0 .  'in$ef.tor: B; tDe: only one 
tested a t  a l l  operating conditions, and propaye bafa obt%in% with in- 
j e c t o r  A, which produced t h e  highest  e f f ic ienc ies ,  are shown i n  t h i s  
comparison. With hydrogen, marked decreases i n  e f f i c i ency  occur only a t  
very high values of Vr/piTi. The combustion e f f i c i ency  of propane w a s  
adversely a f f ec t ed  by increases  i n  
co r re l a t ing  parameter. Also, combustion of propane w a s  not poss ib le  a t  
t h e  higher value of temperature rise because of flame blow-out ( f i g .  9 ) .  
V,.piTi even a t  low values of t h e  
Curves represent ing combustion e f f ic ienc ies  obtained i n  t h e  same 
tubular  combustor with l i q u i d  MIL-F-5624A, grade JP-4 f u e l  (ref. 7 )  and 
i n  an experimental annular t u rbo je t  combustor with gaseous propane f u e l  
( re f .  9)  are included i n  f igu re  10. 
performance of t h e  tubular  combustor as it i s  cu r ren t ly  being used i n  
serv ice .  Very l a r g e  improvements i n  e f f ic iency  a t  severe operat ing con- 
d i t i o n s  would be obtained through t h e  use of gaseous hydrogen f u e l  i n  
t h i s  combustor. 
!The l i qu id - fue l  curve represents  t h e  
The experimental combustor curve shown i n  f i g u r e  10 i s  representa t ive  
of t h e  best performance t h a t  has been obtained i n  experimental combustors 
inves t iga ted  a t  t h e  NACA Lewis laboratory.  A t  low values of Vr/piTi t h e  
experimental combustor produced near 100-percent combustion eff ic iency;  
however, t h e  l imi ted  data ind ica t e  tha t  t he  e f f i c i ency  decreased more 
r ap id ly  with an increase i n  Vr/piTi than d i d  t h a t  of hydrogen. It i s  
expected t h a t  a combination of a high-performance experimental combustor 
and a highly r e a c t i v e  f u e l  such as hydrogen would assure near 100-percent 
combustion e f f i c i e n c i e s  over a very broad range of operating conditions.  
SUMMARY OF RESULTS 
The following results were obtained from an inves t iga t ion  of t he  
performance of gaseous hydrogen f u e l  i n  a s ing le  tubular  combustor oper- 
ated a t  low i n l e t - a i r  conditions: 
1. Hydrogen f u e l  burned over very broad ranges of combustor tempera- 
t u r e  r i s e  (or  f u e l - a i r  r a t i o )  a t  pressures as low as 3.3 inches of mercury 
absolute .  No combustion i n s t a b i l i t y  o r  flame blow-out w a s  observed within 
t h e  ranges of f u e l  and a i r  flow t h a t  were inves t iga ted .  
2. A t  i n l e t - a i r  pressures  of 8.0 inches of mercury and above, combus- 
t i o n  e f f i c i e n c i e s  i n  excess of 90 percent were maintained. A t  these  pres- 
sures  t h e  e f f e c t s  of l a r g e  increases i n  reference a i r  ve loc i ty  on combus- 
t i o n  e f f i c i ency  were r e l a t i v e l y  minor. 
mercury absolute,  marked decreases i n  combustion e f f i c i ency  were observed. 
A t  pressures  below 8.0 inches of 
10 NACA RM E54L30a 
4. I n  comparison, a gaseous hydrocarbon f u e l ,  propane, burned over 
only very l imi t ed  ranges of temperature r i s e .  Combustion e f f i c i enc ie s  
were lower and were very adversely a f f ec t ed  by increases  i n  reference 
ve loc i ty  and decreases i n  i n l e t - a i r  pressure t o  8.0 inches of mercury 
absolute.  
5. The superior  performance of hydrogen f u e l  i s  a t t r i b u t e d  t o  i t s  
higher flame speed and i t s  wider flammability range. The f a c t  t h a t  100- 
percent combustion e f f i c i ency  was not obtained over a broad range of 
operating conditions i s  a t t r i b u t e d  t o  l imi t ed  mixing of t h e  f u e l  and air 
i n  the  primary zone of t h e  combustor used f o r  these  tes ts .  
Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, December 23, 1954 
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TABLE I .  - HYDROGEN PERFORMANCE DATA 
( a )  I n j e c t o r  A 
mbus t o r  
i l e  t 
) t a l  
aessure ,  
1. Hg at  
~. 
8.0 
8.1 
8.0 
8.4 
8.0 
6.2 
3.3 
imbus t o r -  
i l e t  
mpera-  
i r e  
6F 
~~ 
40 
41 
40 
39 
38 
44 
41 
40 
41 
40 
52 
48 
47 
20 7 
199 
191 
20 3 
198 
202 
196 
201 
204 
199 
199 
20 6 
40 
3Y 
45 
36 
20 2 
193 
20 2 
218 
178 
199 
197 
193 
35 
35 
42 
40 
41 
40 
38 
- ~- 
-~ 
-~ ~ 
~~ ~ 
~ 
52 
51 
50 
50 
61 
60 
60 
200 
20 2 
209 
204 
203 
199 
200 
. r - f low 
Lte, 
.b/sec 
) .  564 
.564 
.565 
.561 
.564 
.560 
.559 
.562 
.562 
.562 
.562 
.560 
,564 
.562 
.560 
.560 
.561 
.562 
.562 
.568 
.557 
.571 
.565 
.563 
.56? 
.735 
.735 
.732 
.738 
. I55 
.738 
1.727 
3.730 
.729 
1.729 
I. 733 
.732 
I. 491 
.491 
.495 
.500 
.501 
.500 
.505 
3.151 
.151 
.152 
.152 
.154 
.156 
.158 
.150 
.150 
.150 
.l54 
.l54 
.I !,4 
.1!>2 
~ ~. 
-~ 
__ 
, f e r -  
Ice 
,lot- 
.Y, 
,/s e c 
00.7 
.oo .9 
.00. 5 
00 .o 
00.3  
.00 .8 
.oo.o 
.00. 2 
00.4 
.00. 2 
.02.7 
.01.6 
.02.1 
.34.3 
-32.5 
-30.7 
.33.5 
-32.5 
-33.5 
-33.5 
.31.9 
.35.8 
.33.3 
-32.8 
-34.0 
L52.2 
.31.9 
r33.1 
L31.U 
176.0 
174.3 
L71.8 
179.2 
168.3 
165.4 
L74.4 
174.7 
L12.3 
112.3 
114.9 
115.6 
116.0 
115.6 
116.2 
66.4 
66.3 
66.6 
66.6 
68.9 
69.7 
70.6 
85.1 
8!5.3 
86.2 
81.9  
81.8 
87.2 
titi  . 2 
~ ~~~ 
~~ 
~ 
~ 
"e l -  
'low 
* a t e ,  
lb/hr 
-~ 
9.60 
L3.49 
L6.38 
10.79 
21.83 
1.43 
7.02 
1.84 
3.98 
L1.62 
1.80 
5.73 
13.91 
9.85 
4.41 
3.74 
1.12 
1.15 
7.95 
7.46 
9.58 
2.76 
3.90 
9.72 
2.20 
3.65 
3.91 
3.85 
4.80 
9.41 
5.20 
0.90 
4.81 
0.41 
2.16 
3.52 
3.07 
8.8C 
3.3c 
9.25 
1.78 
6.65 
7.4c 
1.5C 
2.6e 
5.51 
8.02 
2.1: 
5.17 
7 . x  
1.4t 
3.31 
5.51 
6 .91  
1.4: 
3.Sl  
6 . 6 ;  
8.17 
~~ 
u e l - a i r  
a t i o  
~ 
0.00473 
.00665 
.00808 
.01029 
.01075 
.00071 
.00349 
.00091 
.0019 7 
.00574 
.00089 
.00284 
.00685 
.00487 
.00715 
.003sL, 
.01046 
.00057 
.00393 
.00854 
.0042ti 
.00620 
.00685 
.00430 
.00109 
.00402 
.00526 
.006Y 0 
.00785 
.0018l 
.00354 
1.005ai 
I. 00415 
.00564 
1.00778 
r.00082 
.00513 
1.00174 
.00185 
.00514 
.00099 
.00369 
.0095 / 
1.00276 
.0049.! 
.0100 / 
.0146C 
.0038t 
. 0 0 Y l L  
.0126€ 
.Oil774 
.0061' 
.0101i 
.0126C 
.0026: 
.001,5: 
.0121c 
~ 
.0049a 
~- 
3 an  
mbus t o r -  
i t l e t  
m p e r -  
, w e ,  
OF 
~ 
875 
1122 
1322 
1535 
1705 
193 
700 
223 
424 
1090 
222 
593 
1210 
1025 
1513 
1542 
1624 
311 
876 
1505 
960 
1300 
1358 
9 78 
415 
825 
1000 
1234 
1575 
540 
8 25 
1180 
9 25 
1110 
1390 
355 
1085 
358 
9 22 
394 
962 
225 
722 
1532 
525 
8 23 
1425 
1870 
711 
1385 
1741 
516 
1070 
1523 
1805 
599 
1100 
1730 
~~ 
-~ 
an  tem- 
r a t u r e  
s e  
rough 
mbus tor ,  
OF 
~ 
835 
1081 
1282 
1496 
1667 
149 
659 
183 
383 
1050 
170 
545 
1163 
818 
1114 
1351 
1421 
113 
6 74 
1309 
759 
109 6 
1159 
779 
209 
785 
961 
1189 
1539 
338 
632 
978 
70 7 
932 
1191 
- 
~ 
158 
886 
325 
887 
352 
9 22 
184 
682 
1494 
473 
772 
1175 
1820 
G50 
1325 
1681 
41t 
868  
1314 
1601 
536 
1001 
1550 
mbus t i on 
' f i c l e n c y ,  
p e r c e n t  
88.0 
85.4 
83.3 
79.0 
85.4 
96.7 
91.8 
93.2 
92.4 
93.1 
88.7 
92.0 
87.8 
84.7 
81.3 
78.4 
74.4 
95.2 
84.8 
81.9 
88.6 
91.6 
88.7 
90.4 
90.7 
Yb.3 
92.1 
89 .3 
BY. 7 
89.1 
67.8 
85.9 
84.5 
84.0 
80.8 
90.6 
87.6 
87.5 
8Y .0 
90. I 
90.0 
86.8 
90.5 
84.4 
82.2 
77.9 
73.4 
71.4 
82.6 
76.9 
74.6 
~~ 
~ 
72.5 
71.5 
70.1 
71.5 
12.5 
I2.11 
71.5 
I j e c  t o r  
- e s s u r e  
'OP,  
,/sq i n .  
gage  
~- 
26.4 
37.4 
45.4 
59.4 
62.4 
1.0 
17.4 
1.5 
7.9 
31.4 
2.0 
12.4 
37.4 
26.4 
41.4 
54.4 
61.4 
.5 
20.4 
48.4 
22.4 
55.4 
39.4 
22.4 
3.2 
28.4 
38.4 
51.4 
59.4 
10.4 
25.4 
42.3 
30.4 
42.4 
59.2 
2.5 
37.4 
5.8 
23.8 
6.8 
25.3 
2.4 
17.3 
46.5 
2.8 
h.3 
14.7 
22.7 
4.5 
13.7 
19.7 
3.3 
10.3 
14. I 
1J. / 
5.3 
$1 . 7 
18.7 
- 
9.54  
L4.79 
L8.89 
28.45 
58.09 
9 .78  
16.28 
13.55 
30.59 
36.39 
9.91 
17.28 
16.76 
35.27 
17.50 
1.84 
5.20 
9.82 
14.65 
9.84 
15.58 
23.28 
32.01 
44.28 
1.85 
4.92 
9.82 
16.93 
10.17 
19.96 
30.19 
46.62 
1.68 
4.93 
8.09 
15.23 
9.83 
14.92 
22.46 
28.48 
34.23 
35.12 
5 .os 
2.07 
16.01 
10.89 
15.5C 
19.7s 
24.56 
27.8E 
1.7c 
5.0C 
8.8C 
14.76 
2.66 
5.16 
9.6; 
17.4: 
13.2: 
1 7.41 
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8 1  
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90  
9 1  
9 2  
93 
94 
95  
96 
97 
98 
99 
00 
01 
0 2  
03 
04  
05  
06 
07  
08 
09 
10 
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
18  
- 
~ 
Q e l -  
'low 
- a t e ,  
tb/hr  
tmbus t or-  
[ l e t  
i t a 1  
aes s u r e ,  
I .  H g  abs  
jmbus t o r -  
i l e t  
mpera-  
Ire, 
OF 
?an 
imbus t or 
i t l e t  
mper -  
; w e ,  
OF 
e l  
j e c t o r  
e s s u r e  
OP 9 
/sq i n .  
gage 
!an tem- 
! r a t u r e  
. s e  
r o u g h  
m b u s t o r ,  
OF 
6 70 
964 
1170 
1584 
1959 
652 
1008 
1344 
1602 
1 8 4 2  
554 
914 
1307 
1 6 0 2  
1967 
1 0 7  
300 
546 
773 
555 
806 
1133 
1438 
1829 
1 0 2  
265 
53 8 
843 
444 
8 28 
1167 
1622 
77 
210 
365 
640 
416 
607 
880 
1060 
1235 
1266 
2 1  7 
9 1  
649 
960 
1285 
1557 
1812 
20 2 1  
170 
467 
805 
1181 
249 
48 7 
893 
1364 
1 1 0 2  
705 
.el-air 
I t l o  
1.00334 
,00514 
.00657 
.00986 
.01326 
.00340 
.CO566 
.00819 
.01062 
.01265 
.00276 
.00481 
.00745 
.00982 
.01318 
.00051 
.00145 
.OC275 
.00410 
.00275 
.00436 
.00648 
.00890 
,01231 
.00051 
.00137 
.00273 
.00471 
.00218 
.00427 
.00646 
.0099@ 
.00036 
.00105 
.00179 
.00326 
.0021c 
.0031@ 
.00477 
.0060; 
.0072E 
.0074€ 
.0010E 
,00044 
.0034: 
r-flow 
rte,  
b/s e c 
97.6 
94.7 
92.0 
87.4 
84.5 
94.5 
91.5 
87.9 
83.7 
83.4 
96.4 
95.1 
91.8 
88.8 
85.3 
95.5 
97.5 
95.6 
93.2 
98.2 
93.0 
90.9 
87.5 
84.8 
92.5 
93.3 
95.4 
90.3 
97.4 
96.0 
93.2 
88.7 
96.8 
92.4 
LOO. 3 
95.3 
94.5 
93.5 
93.1 
91.0 
89.6 
89.8 
94 .4  
96.5 
92.9 
5.3 
11.3 
16.3 
27.3 
38.3 
5.3 
12.3 
21.3 
30.3 
36.3 
4.8 
14.3 
25.3 
34.3 
49.3 
---- 
.9 
4.8 
10.3 
5.3 
12.3 
21.3 
31.3 
45.3 
46 
39 
40 
46 
46 
199 
200 
20 1 
210 
198 
46 
4 1  
38  
44 
43 
40 
40 
40 
4 1  
20 5 
210 
20 7 
20 8 
196 
1 9 8  
20 2 
1 9 4  
20 2 
37 
42 
35  
43 
38 
40 
40 
40 
204 
198 
180 
195 
20 5 
199 
194 
194 
198 
716 
1003 
1210 
1630 
2005 
851 
1208 
1545 
1812 
2040 
600 
955 
1345 
1646 
2010 
147 
340 
586 
814 
760 
1016 
1340 
1646 
2025 
300 
467 
732 
1045 
481 
8 70 
1205 
1665 
1 1 5  
250 
405 
680 
6 20 
805 
1060 
1255 
1440 
1465 
4 1 1  
285 
847 
79.9 
79.4 
79.4 
80.6 
80.3 
105.1 
105.1 
105.3 
106.9 
104.8 
100.9 
99.9 
99.2 
100 ~ 4 
100.5 
99.5 
99.3 
99 .o 
99.2 
132.5 
133.3 
133.4 
133.7 
131.3 
131.9 
132.5 
131.1 
1.52.4 
129.5 
130.8  
129.8 
131.1  
130.4 
130.8 
130.8 
130.7 
175.2 
173.6 
169.4 
174.5 
176.0 
174.6 
171.6  
171.6 
172.5 
101.3 
100.6 
100.3 
100.3 
101.8 
101.6 
101.1 
100.9 
100.7 
100.6 
99.99 
99.49 
99.49 
99.46 
99.3:: 
1.794 
.a00 
.799 
.a01 
.798 
.eo0 
.799 
.799 
.a00 
.799 
.999 
.999 
.998 
.998 
..001 
.997 
.995 
.992 
.992 
.994 
.993 
.998 
.999 
.999 
1 .ooo 
.999 
1.000 
.998 
1.298 
1.298 
1. 298 
1.298 
1 ~ 301 
1.300 
1.300 
1.299 
1.302 
1.305 
1.307 
1.315 
1.306 
1.308 
1.300 
1.296 
1.295 
0.562 
.561 
.561 
.562 
.560 
.567 
.566 
.565 
.564 
.563 
.564 
.560 
.560 
.561 
.558 
14.3 
8 .O 
.4 
5.3 
13.3 
5.3 
17.3 
29.3 
48.3 
.4 
3.3 
10.3 
5.3 
11.3 
20.3 
27.3 
34.3 
35.3 
.4 
11.3 
---- 
---- 
. 
90.1 
87.6 
86.3 
83.9 
84.4 
93.7 
91.1 
92.4 
84.2 
89.5 
91.7 
93.0 
84.3 
87.3 
93 .O 
8.9 
14.4 
20.4 
26.4 
29.4 
1.00536 
.0076 i  
.0098C 
.01211 
.0138: 
.oooa; 
.0024: 
.0043: 
.0072t 
.0013: 
.0025: 
.0048( 
.0086* 
.00651 
.0037: 
1005 
1327 
159 7 
1 8 5 2  
2070 
2 1  2 
50  7 
845 
1 2 2 1  
290 
524 
9 3 1  
1 4 0 2  
1149 
7 44 
45 
4 2  
40 
40 
49 
42 
40 
40 
40 
4 1  
37 
38  
37 
39 
35  
1 .o 
6.9 
13.4 
.1 
2.0 
7.9 
15.9 
11.4 
4.7 
. 
14 NACA RM E54L30a 
- 
un 
~- 
13 
2Ll 
21 
22  
2.5 
.24 
.2> 
.21; 
.21 
21, 
2!J  
30 
31 
5 I> 
-33  
34 
-35  
-3.; 
i37 
L38 
L 3 Y  
L 40 
141 
1.4 2 
145 
144 
1 4 :i
146 
147 
148 
1 49 
150 
151 
152 
153 
154 
155 
156 
157 
158 
I59 
160 
lGl 
162 
I d 3  
164 
165 
166 
l i i  / 
168  
169 
170 
1 7 1  
172 
175  
174 
115  
l.iti 
. L  
__ 
i e l -  
i t e ,  
)/hr 
.ow 
an 
mbus t or-  
t l e t  
rnper- 
u r e ,  
OF 
~ _ _ _  
1238 
1525  
1822  
2033 
312  
49Y 
668 
990 
1344 
405 
835 
1282  
1519 
866 
1151 
1438 
1 8 5  
440 
733 
1014 
1068 
1275  
422 
551 
826 
1125  
221 
709 
1525  
361  
9 70 
377 
708 
1?40 
1643 
~~~ 
an tem- 
r a t u r e  
s e  
irough 
mbus t o r ,  
OF 
_ _ _ _ _ ~  
1050 
1327 
1625  
1 1 2  
288 
468 
780 
1146 
20 5 
6 4 1  
1083 
1319 
8 20 
1109 
1394  
147 
401 
6 9 1  
974 
868 
1085 
211 
353  
6 24 
9 21 
1835  
~ 
t e l  
i j e c t o r  
. e s s u r e  
'OP, 
)/sq i n  
cage  
mbus t o r -  
i l e t  
) t a l  
' e s su re ,  
I .  Hg abs 
~~ ~~ 
8.0 
mbus t i on 
' f i c i e n c y ,  
p e r c e n t  
r-flow 
b/s e c 
t e ,  
~~ 
1.563 
~ 562  
.567 
.566 
.562 
.561 
.561 
.560 
.560 
.55Y 
.560 
.560 
.561 
.730 
.730 
.72Y 
.728 
.723 
.730 
.730 
.735 
.735 
~ 736 . 138 
.734 
.733 
I .  501 
.bo2 
.501 
.4Y8 
.494 
. 500 
.501 
. S O ?  
.501 
-~ 
i e f e r -  
?nee  
le1 oc- 
L t / s e c  
130.7 
132.5 
33.5 
33.5 
32.9 
34.9 
32.7 
34 .5  
32.1 
3 2 " l  
5 1 . 1  
32.1 
32.6 
33.0 
31.9 
32.3 
50.4 
50.9 
31.8 
31.3 
75.8 
73.0 
79.0 
75.8 
76.1 
76.4 
16 .7  
1 7 . 9  
1 7 . 4  
14.9 
15 .7  
54.0 
54 .0  
53.4 
53.1 
k t Y ,  
~ 
e l - a l r  
t i 0  
~~~ 
I .00605 
.00818 
.01088 
.01248 
.00055 
.00160 
.00249 
.00441 
.00721 
.00111 
.00353 
.00670 
.00831 
.004?8 
.OOb17 
.00829 
.00068 
.00201 
.00357 
.00555 
.00465 
.00618 
.00114 
.00185 
.00345 
.005b8 
1.000U6 
"00373 
.00354 
.00167 
.00531 
.00098 
.00290 
.00641 
.00998 
l e t  
rnpera- 
OF 
r e ,  
~~ 
188 
198 
197 
198 
200 
211 
200 
210 
198 
200 
194  
139 
200 
46 
4 2  
44 
38 
39 
4 2  
40 
200 
190 
211 
138 
20 ? 
204 
4 4  
48 
.47 
a 9  
58 
21)3 
20 2 
1 3 8  
198 
~ 
11.4 
16.4 
23.4 
27.4 
.5 
2 .5  
6.9 
1 2 . 4  
4 . 5  
11.9 
1 5 . 9  
9.4 
1 5 . 4  
22.4 
2 .5  
7.4 
13.4 
1 1 . 4  
1 6 . 4  
.1 
2.0 
6.9 
1 3 . 4  
---- 
---- 
---- 
2.26 
j . 55  
2.20 
,.44 
1*12 
5.22 
5.03 
3.89 
k . 5 3  
2.23 
7 .12  
3 .52 
5.79 
1 0 2 4  
5.21 
1 - 7 5  
1.79 
5.28 
3.38 
4.59 
2.30 
5.36 
3.02 
4.91 
3.12 
4 .72  
BY .5 
' 86 .3  
85.2 
84 .0  
94.0 
85.4 
90 .7  
88.6 
83.2 
87.4 
89 .2  
83.9 
84 .7  
95.0 
92 .1  
8 3 . 2  
100 .6  
94 .7  
9 4 . 8  
88 .7  
94.2 
90 .7  
88.1 
91.2 
89.2 
84 .0  
Y4.8 
81;. 2 
83.6 
85.1 
8S.l 
84 .7  
84.4 
83.8 
79.4 
---- 
4 . 8  
1 7 . 3  
.9 
8 .3  
b .2  
~~ 
3 .3  
1.51; 
6.74 
7 .21  
3 .00  
Y .45 
1.76 
5.24 
8.01 
1.50 
3.35 
6 "04 
2.01 
3 .68  
5.81 
1-80 
3.62 
6.39 
Y .3E 
1.93  
4.54 
1 . 8 3  
3.75 
5.64 
8 .31  
4.61 
1.3: 
1.1; 
1 . 8 t  
3 .0 i  
6.1C 
3.0 
1 . 5 8  
~ 
~ 
177  
6 6 1  
1478  
322  
932  
1 7 4  
506 
1 0 4 2  
1 4 5 1  
2.9 
10.7 
17.3 
556 
985  
1537 
633 
1035 
1457 
59 5 
1009 
1540 
2030 
735 
1325  
726 
1179 
1550  
1 Y 8 1  
1358 
7Y5 
571  
745 
1024 
1550 
1003  - ~~ 
500 
9 28 
1479 
583 
985  
1407 
550 
965  
1497 
1990  
526 
1101 
528  
9 79 
1329 
1 7 8 1  
1158 
593  
3 7 2  
549 
8 21 
1349 
805 
~ -~ 
8 3 . 5  
73.9 
70.0 
7 5 . 1  
73.3 
70.3 
79.1 
73.2 
70.0 
68.5 
70.8 
67.5 
75.3 
71 .O 
68.7 
67.4 
71 .3  
79 .5 
84 .7  
76.2 
73.0 
67 .0  
~~ ?5"1 
0.4 
1 . 9  
5 . 5  
.9 
2 ~ 4  
4 .8  
. Y  
2.8 
5 . 8  
9.2 
.9 
3 .3  
.Y 
2.4 
4 . 8  
8 .2  
3 . 8  
.4 
. 4  
1 . 4  
1 . 9  
5.8 
2.1 
56 
L i  
58 
50 
50 
50 
4 5  
44 
43 
40 
209 
214 
1 3 8  
200 
101 
200 
200 
20 2 
139  
1 3 6  
205 
20 1 
200 
~ 
3.146 
.14r; 
.145 
.143 
.143 
. 1 4 9  
.150 
.150 
.151 
I 152  
.148 
. 1 4 5  
.14Y 
.145 
.14J 
.150 
-149 
.143 
.14!J 
.150 
.150 
. 1 5 4  
.151 
64 .8  
b4.Y 
64.6 
6 5 . 5  
65.3 
65.3 
6 5 . 1  
65 .0  
65.3 
65.4 
u5.1 
84.0 
84.3 
82.5 
84.7 
8 5 . 1  
114.6 
a 4 . e  
84 .4  
84 .6  
U5.5 
t i 7 . 5  
u7.4 ~- 
3.00285 
.00637 
.01157 
.00375 
.00687 
.01084 
.00334 
.00671 
-01175 
.01714 
.00362 
.00870 
.00340 
.00714 
.01053 
"01539 
.00860 
. 0 0 3 G 4  
.00203 
.0034Y 
.0056E 
.0110: 
.00541 
15 
~ 
Run 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
20 1 
202 
203 
204 
205 
20 6 
20 7 
208 
209 
210 
211 
212 
21 3 
214 
215 
216 
21 7 
218 
219 
220 
221 
222 __ 
:ombus t o r .  
i n l e t  
t o t a l  
p r e s s u r e ,  
i n .  Hg ab: 
14.3 
Combus t o r  
i n l e t  
ternpera- 
t u r e ,  
"F 
40 
40 
42 
48 
42 
197 
205 
206 
197 
45 
40 
40 
38 
42 
40 
40 
44 
42 
203 
193 
20 2 
195 
197 
199 
195 
198 
194 
194 
43 
42 
37 
44 
43 
40 
41 
41 
40 
215 
206 
198 
202 
196 
196 
196 
196 
194 
TABLE I .  - Cont inued .  HYDROGEN PERFORMANCE DATA 
( c )  I n j e c t o r  c 
iir-floi 
' a t e ,  
l b / s e c  
0.802 
.796 
r 794 
799 
.799 
.796 
796 
.795 
.797 
1.002 
1.000 
1 .ooo 
1.002 
-993 
.994 
.994 
.996 
1.000 
.999 
1.000 
.999 
.999 
1.000 
1 .ooo 
.999 
.999 
.998 
.999 
1 291 
1.290 
1.307 
1.290 
1.298 
1.300 
1.306 
1.306 
1.305 
1 e 295 
1.295 
1.295 
1.295 
1.300 
1.297 
1 ~ 300 
1.299 
1.309 
R e f e r -  
ence  
v e l o c -  
f t / s e c  
i t y ,  
79.8 
79.1 
79.3 
80.7 
79.8 
104.3 
105.5 
105.6 
104.4 
101 .o 
99.8 
100.0 
99.6 
99.5 
99.2 
99.2 
100.2 
100.2 
132.7 
130.9 
132.5 
131.1 
131.7 
132.1 
131.1 
131.1 
130.8 
130.9 
130.7 
130.3 
130.7 
130.8 
131.1 
130 ~ 8 
131.7 
131.7 
131.3 
177.0 
174.7 
172.6 
173.6 
172.6 
172.2 
172.6 
172.5 
173.4 
F u e l -  
f low 
r a t e ,  
lb /hr  
11.X 
16.5: 
24.26 
32.8: 
37.6C 
11.0: 
17.64 
25.9E 
36.2@ 
12.79 
19.2C 
26.16 
34.75 
45.12 
1.11 
5.43 
11.43 
18.55 
11.03 
18.53 
27.97 
36.35 
43.72 
2.58 
4.91 
7.66 
15.97 
17.63 
12.71 
21.60 
30.73 
40.79 
46.71 
2.02 
5.25 
9.92 
17.93 
11.39 
20.81 
29.64 
37.44 
2.49 
5.00 
7.43 
10.77 
15.32 
' u e l - a i r  
' a t i o  
0.00391 
.00577 
.00849 
.01142 
.01307 
.00386 
.00615 
.01265 
.00355 
.00533 
-00127 
.00963 
.01262 
.00031 
.00152 
.00319 
.00515 
.00307 
.00515 
.00778 
.01011 
.01214 
.00072 
-00137 
.00213 
.00440 
.00490 
.00273 
.00465 
.00653 
.00878 
.Q1000 
.00043 
.00112 
.00211 
.00382 
.00244 
-00446 
.00636 
.00803 
.00053 
.00107 
.00159 
.00230 
.00325 
.oosps 
lean 
ombustor.  
Nutlet 
emper- 
t u r e ,  
OF 
785 
1111 
1515 
1875 
2055 
908 
1265 
1615 
2025 
7 70 
1045 
1355 
1660 
2025 
106 
350 
680 
998 
800 
1124 
1493 
1780 
2020 
345 
465 
618 
1040 
612 
9 43 
1244 
1565 
1730 
130 
275 
478 
743 
692 
1016 
1285 
1517 
304 
400 
512 
650 
795 
Y;a8 
Yean tem- 
p e r a t u r e  
r i s e  
th rough 
combust o r  
O F  
745 
1071 
1473 
1827 
2013 
711 
1060 
1409 
1828 
725 
1005 
1315 
1622 
1983 
66 
310 
636 
956 
597 
931 
1291 
1585 
1823 
146 
270 
4 20 
794 
846 
569 
901 
1207 
1521 
1687 
90 
234 
437 
703 
477 
810 
1087 
1315 
108 
204 
316 
454 
601 
:ombustion 
e f f i c i e n c y  
p e r c e n t  
93.7 
94.6 
92.7 
8Y.5 
88.3 
91.2 
89.1 
84.1 
82.7 
99.9 
95.4 
94.7 
91.6 
89.7 
96.9 
96.8 
97.0 
93.6 
94.9 
91.8 
88.2 
86.6 
85.5 
95.4 
93.8 
90.4 
87.0 
100.1 
96.7 
95.6 
93.2 
92.5 
101.4 
97.8 
99.0 
90.1 
94.5 
91.3 
88.4 
87.3 
97.4 
89.5 
94.0 
94.7 
92.8 
89.8 
F u e l  
i n j e c t o r  
p r e s s u r e  %z~ in 
gage 
2.4 
5.3 
10.3 
16.3 
20.3 
1.9 
6.3 
12.3 
19.3 
2.8 
6.8 
12.3 
17.3 
25.3 _--- -__- 
2.4 
5.8 
2.4 
6.8 
13.3 
19.3 
24.3 
-___ 
---- _-_- 
4.3 
5.3 
2.8 
8.3 
14.3 
22.3 
26.3 
_ _ _ _  
---- 
1 . 4  
2.8 
1.9 
8.3 
14.3 
20.3 
---- ---- -__- 
1.4 
3.8 
16 . 
w 
E . 
TABLE I. - Concluded.  HYDROGEN PERFORMANCE DATA 
(d) I n j e c t o r  D 
~-~ ~ 
l e l - a i r  
a t i o  
~~ 
3.00040 
.00105 
.00191 
.00352 
~ 
e a n  tem- 
e r a t u r e  
i s e  
hrough 
ombus t o r ,  
OF 
___~ ~ 
71 
200 
3 7 2  
639 
158 
535 
9 23 
1528  
222 
1 9  2 
50 7 
868  
1176 
1 5 2  
431 
845  
1417 
432 
868  
15tiii 
1336 
804 
1262 
1603  
1858 
1439 
Y91 
484 
491 
325 
1?€6 
1808 
- ~~ 
~- 
~~~ 
~~~ 
72 
225 
,415 
6 3 9  
149 
' /  73 
960 
1514 
51 ii 
365 
1 4 4 0  
195.1 
4 5 5 
8.5; 
l'L07 
1817 
~ ~~. ~ ~ 
~~. - ~~ 
- 
iun  
- 
225 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
23 7 
238 
239 
240 
241 
242 
243 
244 
245 
241; 
247 
248 
249 
250 
251 
252 
255 
25/* 
-
-~ ~~ 
r - f low 
. t e ,  
b/s e c 
~ ~~ 
~ 300 
. .304 
. a 306 
. .305 
) .  491 
.491 
-491  
.4Y0' 
.496 
~ 501 
.so1 
.SO4 
.502 
.49 7 
.496 
.431 
.491 
1.147 
.142 
.1;5. 
.146 
.151 
.151 
.151 
.146 
.145 
.145 
.144 
,148 
,148 . _  1 46 
- -~ 
_- 
~ 140  
~ ~~ 
~~ 
1.50ti 
1.505 
1.505 
1.510 
0.4YY 
.502 
.502  
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8 . 9 6  
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4.88 
8 . 8 2  
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5.01 
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lY2 
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n l e t  
o t a l  
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u t l e t  
emper- 
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92 .9  
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89 .4  
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~~~ ~~ ___-  
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2.6 
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11 .0 
---- 
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~ 
_--- 
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.: . 1 
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-~ ~ 
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.00695 
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.(IO322 
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1565  
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1933 
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1.310 
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_ _  
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79 .3  
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69.6 
15 .O 
'31 .o  
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. ~ ~~~ 
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15 .3  
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257 
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__ 
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1 . 4  
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1 4 . 5  
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It!. .i 
0 . 4  
Z . ' ,  
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. I, 
2.a 
. I .  1 
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6 . 2  1.36 
4 .56  
9 .  75  
17.78 
0.0007E 
,00252  
.00558 
,00388 -~ 
0 .00261  
,0064 / 
.01095 
,01632 
.00?50 
.0053t! 
,01107 
.01586 
6 3 . 9  
65.Y 
63.4 
64 .4  
8 5 . 2  
4 3 . 5  
8 4 . 5  
U1.7 - 
1.38 
3 . 4 2  
5 . 7 6  
8 .  70 
I. 24 
5 . 2 5  
6 .02 
8 . 5 4  
~ 
562  
1011  
1485 
2000 
620 
1022  
1538  
2008 
924  
1050 
410 
541 
675 
922  
230 
460 
570 
548  
542  
259 
459 
600 
440 
621 
6 21 
587 
9 2 . 9  
8 1 . 2  
90 .9  
8 8 . 7  
9 2 . 3  
7 3 . 5  
73 .1  
80.1 
73 .6  
6 1 . 6  
51.2 
71 .5  
78.3 
7 1 . 1  
79.0 
82 .6  
6 3 . 5  
5 2 . 2  
18 .09  
3 4 . 0 3  
46.31 
53.26 
.00389 
,00725 
,00992 
.01144 
582 
755 
8 3 1  
205 
387 
78 .2  
75 .2  
64  .O 
65.1 
6 1 . 8  
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TABLE 11. - PROPANE PERFORMANCE DATA 
( a )  I n j e c t o r  A 
Run Refer- 
ence  
v e l o c -  
i t y ,  
f t / s e c  
___ 
7 9 . 2  
79.3 
79.9 
:ombus t or. 
Lnle t  
i o t a 1  
r e s s u r e ,  
Ln. H g  ab: 
1 4 . 3  
:ombus t o r  
i n l e t  
tempera- 
t u r e ,  
OF 
36  
37  
42 
4 1  
196 
1 9 6  
200 
1 9 5  
1 9 4  
200 
203 
1 9 0  
200 
230 
197 
198  
201 
201 
200 
lean 
ombustor.  
u t l e t  
.emper- 
. t u r e  
0; 
500 
895  
1030 
a1050 
840 
1120 
1250  
605  
735 
875  
1125  
4 20 
660 
7 70 
745 
740 
460 
660 
800 
4 i r - f l o  
- a t e ,  
l b / s e c  
0 .802  
,802  
.a00 
,800  
. 801 
.a01 
.805 
.989 
.9Y3 
.993 
.994  
1 . 2 9 3  
1 . 3 0 3  
1 .297  
1 . 2 3 3  
1 .238  
1.29U 
1 . 3 0 0  
1 . 3 0 5  
Fuel  
I n j e c t o r  
p r e s s u r e  
lb/sq i n .  
6 . 8  
18.3 
23 .3  
24 .3  
1 2 . 3  
21 .3  
29.8 
8 . 7  
1 4 . 3  
18.8 
3 5 . 3  
7 .3  
1 9 . 3  
27 .2  
3 2 . 1  
3 9 . 1  
9 . 8  
1 9 . 3  
29 .O 
drop ,  
gage 
p e r c e n t  
.hrough 
ombus to$,  
89 .0  271 
272 
273 
274 
275 
276 
277 
2711 
279 
2d0 
2d1 
2u2 
283 
2114 
285 
286 
211 7 
288 
289 
290 
231 
29 2 
293 __ 
__ 
29 4 
295 
296 
29 7 
238 
29 3 
300 
301 
302 
305 
304 
305  
506 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
SlY 
318 
__ 
96 .5  
644 98 .7  104 .8  
1 0 4 . 8  
105.9 
1 2 9 . 7  
130.1 
131.3 
1 3 2 . 0  
170 .1  
174 .2  
1 7 3 . 4  
1 7 2 . 0  
1 7 3 . 0  
173 .8  
173 .9  
1 7 4 . 3  
8.0 1 3 2 . 3  
131.8 
133 .5  _-_-_ 
205 
199 
204 
203 
40 
43 
43 
39 
1 9 5  
200 
192  
201 
1 9 6  
211 
20s 
210 
194 
205 
208 
164  
210 
21 9 
0.555 
.558 
, 5 6 1  
,552  
0 .800  
,805 
.a03 
.79Y 
,733  
.797 
.798 
.798 
.737 
1.007 
1 . 0 0 2  
.938 
,998 
1 .309  
1 .298  
1 . 2 3 8  
1 . 3 0 3  
1 .302  
645 
820  
8 25  
'790 
6 . 4  
1 2 . 3  
1 5 . 9  
1 8 . 4  
0 .4  
1.1 
2 .4  
5.8 
.6 
1 . 4  
2 . 8  
4 . 3  
6 . 3  
.6 
3 . 8  
7 .0  
10.8 
3.8 
9 . 3  
9 . 3  
1 2 . 3  
---- 
__ _ _ _ _ _ _  
UO. 5 2  
80.32 
b) In .  
~ 
16 .23  
22.35 
29.50 
46.38 
1 7 . 3 1  
22.42 
3 0 . 5 2  
37.06 
53.59 
1 8 . 2 7  
34.42 
47.23 
61.87 
18.39 
37 .02  
5 7 . 8 2  
57 .39  
65.66 
z t o r  B 
0.00564 
,00771 
.01020 
.01613 
.00606 
.00781 
.01062 
.01290 
.01868 
.00504 
.00954 
,01315 
,01722 
.00390 
.00792 
.01237 
.01223 
,01401 
380 I 340  I 74 .0  1 4 . 3  
555 512 82 .6  
700 657 81.2 
a995 1 i 77.2 
615 8 7 . 0  1 0 3 . 5  
1 0 4 . 8  
103 .7  
105.1 
755 1 555 I 90 .4  
9 3 5  743 90 .6  
1075  
535  80.3 135.3 
133 .9  
133 .9  
1 7 6 . 2  
1 7 5 . 7  
164  .O 
1 7 6 . 7  
- -_-_ 
--_-_ 
790 
9E5 
a1025 
410 
595  
695 70 I t:z 506 I 51.1 2 3
a695 44 .0  
8.0 204 
203 
200 
200 
200 
1 9 8  
195 
1 9 3  
0 .560  
.553 
.551 
.552 
. 748  
.748 
,748  
.749 
1 8 . 9 2  
19 .80  
2 7 . 6 5  
1 5 . 9 1  
2 0 . 3 5  
24.70 
27.93 
--_-_ 
0.00839 
,00934 
.01392 
,00591 
.00756 
.00917 
.01036 
_ _ _ _ _ _  
635  
700 
a 7 5 0  
775 
431 6 5 . 1  
575  53.6 
1.5 
2.7 
4 . 5  
1 .0  
2 . 0  
3.5 
4 . 5  
---- 
415 215 45 .4  
450 
460 1 ii: 1 t;:: 
'460 3 2 . 6  
I I 
aBlow-out 
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I 
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.rl 
t.' 
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a, 
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1 
6 
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Injector configurations A, B, and C Injector  configuration D 
of holes hole area, 
sq In. 
0.0187 
0.06250 
B 
1 0.0160 
6 0.0938 
~ 0.0417 
I D I 1 1 0.238 1 0.0445 
(a) Injector configurations A, B, C, and D. 
1 2 3 a s  6 7 
c _j 
Station 
~ 
?umber 
)f hol 
3 
4 
3 
3 
2 
3 
9 
Bole 
liameter , 
in. 
0.0520 
.03SO 
.0520 
.0520 
.0200 
.0520 
-0520 
Station 
hole area, 
sq in.  
0 -00636 
.00385 
.00636 
.00636 
.OW62 
.00636 
.01908 
rota1 open 
hole area, 
sq in. 
0.0490 
. 
(b) Injector configuration E.  
Figure 5. - Fuel injectors .  
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(b) Combustor-inlet t o t a l  pressure,  14.3 inches of mercury 
absolute;  a i r - f low rate, 0.8 pound pe r  second; i n l e t - a i r  
temperature, 40° F j  reference ve loc i ty ,  80 feet  per 
second. 
Figure 8. - Variat ion of canbustion e f f i c i ency  with tempera- 
t u r e  rise f o r  hydrogen f u e l  i n  s ing le  tubular  combustor. 
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1 4 . 3  inches of mercury absolute; air- 
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f l o w  rate, 1.0 pound per  second; I n l e t - a i r  temperature, 200' Fj  reference 
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Combustor temperakwe rise, OF 
(d) Combustor-inlet t o t a l  pressure, 14.3 Inches of mercury absolute; air-  
f l o w  r a t e ,  1.0 pound per second; i n l e t - a i r  temperature, 40' F j  reference 
velocity,  100 f e e t  per second. 
Figure 8. - Continued. Variation of combustion eff ic iency with tempera- 
t u re  r i s e  f o r  hydrogen f u e l  i n  single tubular combustor. 
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(e) Combustor-inlet t o t a l  pressure, 14.3 inches of mercury 
absolute; air-flow rate,  1.3 pounds per second; in le t -  
a i r  temperature, 200° Fj  reference velocity, 173 fee t  per 
second. 
80 
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Combustor temperature r ise ,  9 
( f )  Combustor-inlet t o t a l  pressure, 14.3 inches of mercury 
absolute; air-flow rate, 1.3 pounds per secondj in le t -  
air temperature, 40' FJ reference velocity, 131 fee t  per 
second. 
Figure 8. - Continued. Variation of combustion efficiency 
with temperature r i s e  for  hydrogen fue l  i n  single tubular 
combustor. 
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T a i l e d  symbols 
0 
(g) Combustor-inlet t o t a l  pressure,  8.0 inches of mercury absolu te j  air- 
flow r a t e ,  0.56 pound per  second; i n l e t - a i r  temperature, ZOOo F j  r e f -  
erence ve loc i ty ,  133 feet per  second. 
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(h) Combustor-inlet t o t a l  pressure, 8.0 inches of mercury absolu te j  air-  
flow r a t e ,  0.56 pound per  second; i n l e t - a i r  temperature, 40° F; ref- 
erence ve loc i ty ,  100 f e e t  per second. 
Figure 8. - Continued. Variation of combustion e f f i c i ency  with tempera- 
ture rise f o r  hydrogen f u e l  i n  s ing le  tubular  combustor. 
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(i) Combustor-inlet t o t a l  pressure, 8.0 inches of 
mercury absolutej  air-flow rate, 0.73 pound per 
secondj i n l e t  -air temperature, 20O0 F j reference 
veloci ty ,  174 f e e t  per second. 
Combustor temperature rise, 9 
( J )  Combustor-inlet t o t a l  pressure, 8.0 inches of 
mercury absolutej air-flow r a t e ,  0.73 pound per 
secondj i n l e t - a i r  temperature, 40° F j  reference 
veloci ty ,  132 f e e t  per second. 
Figure 8. - Continued. Variation of combustion 
eff ic iency with temperature r i s e  f o r  hydrogen 
f u e l  i n  s ingle  tubular combustor. 
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(k) Combustor-inlet total  pressure, 6.2 inches of mercury 
absolute; air-flow rate, 0.50 pound per second; i n l e t -  
air  temperature, 200' F; reference veloci ty ,  153 feet 
d per second. 
( 2 )  Combustor-inlet t o t a l  pressure, 6.2  inches of mercury 
absolute;  air-flow rate, 0.50 pound per secondj i n l e t -  
air  temperature, 40' F j  reference veloci ty ,  115 feet 
per second. 
Figure 8. - Continued. Variation of combustion e f f ic iency  with 
temperature rise f o r  hydrogen f u e l  i n  s ing le  tubular  combustor. 
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,m) Combustor-inlet t o t a l  pressure, 3.3 inches of mercury absolute; air- 
flow r a t e ,  0.15 pound per second; i n l e t - a i r  temperature, 200' F; r e f -  
erence velocity,  83 f e e t  per second. 
Combustor temperature rise , ?F 
(n )  Combustor-inlet t o t a l  pressure, 3.3 inches of mercury absolute; air- 
flow r a t e ,  0.15 pound per second; i n l e t - a i r  temperature, 40' Fj ref- 
erence velocity,  65 f e e t  per second. 
Figure 8. - Concluded. Variation of cambustion eff ic iency with tempera- 
ture  r i s e  f o r  hydrogen f u e l  i n  single tubular combustor. 
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(a) Combustor-inlet total pressure, 14.3 inches of mercury 
absolute j inlet -air temperature, 200' F . 
Figure 9. - Variation of combustion efficiency with tempera- 
ture rise for propane fuel in single tubular combustor and 
comparison with that for hydrogen fuel. 
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(c) Combustor-inlet total preseure, 8.0 inches of mercury 
absolute; inlet-air temperature, 200' F. 
Figure 9. - Concluded. Variation of combustion efficiency with 
temperature rise for propane fuel in single tubular combustor 
and comparison with that for hydrogen fuel. 
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